H I G H L I G H T S
• Atmosphere significantly polluted by oak pollen at several sites across Europe • Seasons can last up to 2 months due to several oak species dominating the landscape.
• Evaluating several definition methods was important to capture local pollen start.
• 76% of the modelled pollen starts occurred within 4 days or less of observed starts. • A general model can estimate pollen season onset in areas lacking monitoring.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Pollen allergy affects up to 40% of the population in Northern Europe (D'Amato et al., 2007) . Oak pollen has been highlighted by the European Academy of Allergy and Clinical Immunology as one of eight major tree allergens with Bet v1 related proteins (Ferreira et al., 2014) . Oak pollen is considered a moderate cause of pollinosis (e.g. Egger et al., 2008) and the cross reactivity with birch is well established (Hauser et al., 2011) , thus also important in relation to diagnostics and treatment of hay fever. Positive skin prick test results from oak pollen have been reported in 29% of tested clients (Farnham, 1990) . In the United Kingdom (UK) oak pollen has been reported as one of the main causes for observed increases of cases in hay fever (Ross et al., 1996) . Oak trees are found abundantly in Europe contributing to high pollen concentration . In the UK it has also been shown that oak pollen is just as abundant as birch pollen (Skjøth et al., 2015) , which is associated with the highest number of sensitized patients to pollen from the Betulaceae family (Heinzerling et al., 2009) . Nevertheless, oak is not included in the standard skin prick test panel in Europe (e.g. Heinzerling et al., 2009 ).
There are a number of common oak species in Europe. In the south, forests are dominated by one group of oaks such as Q. ilex and Q. suber, while northern European forests are dominated by another group consisting of Q. petraea and Q. robur (Skjøth et al., 2008) . In addition, urban areas have a generally large diversity of oak species, where types such as Q. ilex and Q. palustris have been imported for ornamental purposes to countries such as the UK, and therefore outside their Southern European native domain. According to Mitchell (1974) , the species Q. ilex and Q. rubra are common ornamentals across the UK. The phenology of species such as Q. ilex and Q. robur are known to vary substantially (Morin et al., 2010) and thus describing the local oak pollen season in parts of Europe can be complicated. Different areas might be dominated by a variety of species where the overall pollen load is likely to be augmented by a complex mixture of urban trees with a different phenology compared to the native species.
Starting dates for growth and development of reproductive organs vary within and between both genus and species due to different growth requirements (Dahl et al., 2013; García-Mozo et al., 2002) . Thus, different tree types will mature and flower at different times throughout the spring period. Temperature is considered one of the most important factors for growth, while threshold temperatures are influenced by both biological and environmental factors (Chuine et al., 1999; García-Mozo et al., 2002; Wielgolaski, 1999) . The advancement of phenological phases, such as the flowering and onset of pollen release, can be predicted through the accumulation of temperature during spring and is often utilized in thermal time models such as Growing Degree Day (GDD) (Linkosalo et al., 2008; Rasmussen, 2002) . Warming, or more generally, the accumulation of heat, is required to initiate flowering and begins in many tree species after a prolonged period of exposure to cool temperatures (e.g. Newnham et al., 2013) . Chilling requirements have been found to vary from 0 to 7.2°for oak (García-Mozo et al., 2002) . In an experimental study, Fu et al. (2012) found that the chilling phase did not play a decisive role in the budburst process, budburst dates of a number of genera (beech, birch, oak) were more sensitive to spring warming than winter warming. Model evaluation showed that models either including or excluding chilling were both able to accurately predict budburst. This suggests that chilling requirements can be discarded from models, with the reservation that climate change and recent observed warmings can make chilling important at some point in the future (Newnham et al., 2013) .
Oak is a common tree in woodlands and forested areas in many parts of continental Europe, UK and southern Scandinavia (Skjøth et al., 2008) . Despite this, a majority of oak pollen studies are from Spain and the US García-Mozo et al., 2008 , 2002 Zhang et al., 2015) . Few studies cover areas such as northern and western parts of Europe and are often limited to single sites, especially in UK (Corden and Millington, 1999; Norris-Hill, 1998; Skjøth et al., 2015) . Additionally, existing studies often present sitespecific approaches to modelling oak pollen seasons (e.g. García-Mozo et al., 2002) , where base temperatures are distinctive and differ between each site. Thus, site-specific models cannot be extended to other regions or in larger scale modelling where a more general approach is necessary in order to apply the same model parameters. Furthermore, differences between studies in methodology for defining onset Jäger et al., 1996; Rasmussen, 2002; Spieksma et al., 1995) and calculating the temperature requirement, adds uncertainty when comparing results between sites. Therefore, further studies including sites from large regions adopting a general modelling approach are highly relevant and also important for establishing the characteristics and phenology of oak pollen seasons in other oak abundant regions.
This study aims to describe the oak pollen seasonal variations in a generally unexplored part of western and northern Europe and as part of this establish the most accurate definition of the onset of oak pollen seasons. Additionally, a general approach for predicting the onset of oak pollen seasons over large areas using a thermal-time approach (GDD) has been tested.
Materials and methods
Data and measurement sites
Pollen and meteorological data
Daily concentrations of oak pollen data were used for the years 2006-2015. The data were obtained by using a seven day volumetric sampler of the Hirst design (Hirst, 1952) . Daily slides with collected pollen were analysed under an optical microscope by trained staff using recommended standards in aerobiology (Galán et al., 2014) and pollen from oak trees were identified at the genus level. The pollen data were obtained from 10 sites throughout Europe (Table 1) . The coordinates, references to full site descriptions and number of years are given in the table along with the counting method, which is either transverse traverses (Käpyla and Penttinen, 1981) or longitudinal transects (Sikoparija et al., 2011) . All counts from the microscope have been converted into daily mean pollen concentrations (grains m −3
, 24 h) according to international adapted standards (Galán et al., 2017) . Furthermore, Table 1 presents common oak species at each respective site, together with the first flowering species and typical pollen season start.
Meteorological data were obtained from nearby climate stations by using the on-line GIS server with data from the Global Summary of the Day (GSOD) meteorological data set. This service is provided by the National Oceanic and Atmospheric Administration (NOAA). Each pollen site was matched with a nearby meteorological station which had acceptable hourly data coverage with respect to daily averaged temperatures. Station IDs of these sites are given in Table 1 . Daily data coverage of 16 h or more were accepted. This level was used for the inclusion of the Spanish meteorological site, as several nearby sites were exhibiting large data gaps. All other sites had very few data gaps and a daily data cover of 21 h was used as a threshold. The number of hourly missing data points varied between 0 and 20 h per year depending on site and was more often below 10, thus presenting sufficient data cover. Data gaps of single days in the time series and up to 7 days long were filled according to Skjøth et al. (2016) by interpolation or by using data from a nearby site requiring both a very high correlation and no significant bias between sites.
Calculations
Definitions of season onset
For an accurate estimate of the local pollen seasonality it is important to eliminate the tails found in the beginning and end of the seasonal pollen curve related to low pollen concentrations (Emberlin et al., 1994) . Determination of the onset can be particularly challenging for tree pollen, which has been observed systematically to appear earlier in the atmosphere compared to the local flowering (Estrella et al., 2006) . Two aspects need to be considered when determining the onset of the local season. Firstly, pollen transported long range from other regions, which is typically observed prior to the local season (Hjelmroos, 1991; Skjøth et al., 2007) and secondly, the first local peak in pollen concentrations. The onset definition of the local season based on pollen count data needs to be formulated so that it does not start too early, ensuring that non-local pollen is widely excluded, or too late, ensuring that the first local pollen peak is not cut off or missed. Several methods have been used in literature to estimate the pollen season start, such as the cumulative sum technique (Adams-Groom et al., 2002; Driessen et al., 1990) , or the fraction of the total annual catch, which was recently defined as the annual pollen integral (API) (Galán et al., 2017) . These different methodologies generally provide similar results, potentially with a small systematic bias (Emberlin et al., 1994) but can in some years provide substantial differences (Khwarahm et al., 2014) . Four techniques were therefore tested (Table 2 ) to define the start of the season in a similar way as previous studies did (Emberlin et al., 1994; Khwarahm et al., 2014) in order to evaluate which definition most accurately represented the start of the local season.
Overall differences were numerically evaluated and the years were investigated individually with respect to the shape of the pollen curve. Years were removed from the analysis if there were indications of substantial long distance transport (LDT) of pollen grains outside the main season. Only one year (2014) from Copenhagen was removed from the analysis due to such indications.
Modelling GDD and start of the pollen season
Modelling the onset of the pollen season can be done using both regression type modelling (Adams-Groom et al., 2002) or phenological models (García-Mozo et al., 2008) . Phenological models are commonly used within aerobiology to capture phenological events such as bud development in trees and have been carried out with different degrees of complexity in several other studies (e.g. García-Mozo et al., 2008; Linkosalo et al., 2008; McMaster and Wilhelm, 1997) . Here we use the phenological modelling approach where the daily GDD has been calculated by using daily average temperature (T daily ) calculated from hourly temperatures provided in the GSOD dataset, publically available from Table 1 Information of pollen monitoring sites, data cover, location of pollen traps, nearby locations of meteorological stations (global summary of the day), biogeographical classifications of the site regions and common oak species together with first flowering species (where known) and average season start. Where no reference is cited for common oak species, the information is based on phenological observations from local experts.
Site
Pollen data cover Drößler et al. (2012) . f Siegismund and Jensen (2001) .
Table 2
Different methods to define the start (onset) of the oak pollen season.
Onset definition method
Description 2.5% API Onset date was obtained when the accumulated daily pollen concentrations had reached 2.5% of the annual pollen integral (API). 3d-5pl
Onset date was obtained when three consecutive days of daily pollen concentrations were above 5. cumulative∑50 Onset date was obtained when the cumulative sum of daily pollen concentrations reached 50. cumulative∑75 Onset date was obtained when the cumulative sum of daily pollen concentrations reached 75.
NOAA. The GDD calculation is given by the following equation.
where T daily b T base then T daily = 0, thus GDD = 0. T base is a chosen cut off temperature, defined as a base temperature under which no growth is assumed to occur. The accumulated sum of daily GDDs was then calculated (cumulative ∑GDD) with a fixed initial date starting on 1st March for all sites except Badajoz, with initial date set to 1st February, and ending on the date of the observed onset. Every year a threshold GDD was calculated, i.e. the cumulative ∑GDD on the onset date. The overall GDD threshold for modelling onsets was defined as the median of all yearly cumulative ∑GDD within the studied period. This GDD is referred to as GDD s.period . Modelled onsets every year were then defined as the date when the median GDD threshold had been reached.
A sensitivity analysis (re-analysis) was also carried out for individual years by calculating an explicit median GDD threshold representing each specific year being modelled. This GDD threshold was obtained by excluding the cumulative ∑GDD of that specific year, thus computing the GDD threshold as the median based on the rest of the years within the studied period. This procedure is called cross correlation (the 'leave one out' procedure), which is a common procedure in statistics and has recently been applied in aerobiological studies. This GDD threshold is from here on referred to as GDD crossval .
Evaluation of methods for modelling onset dates
To evaluate the accuracy of the GDD modelled onsets, two methods were used which tested both GDD thresholds (GDD s.period and GDD crossval ) and eleven base temperatures (T base = 0, 1, … and 10°C). Thus the accuracy was evaluated both in terms of GDD threshold and T base . The first evaluation method was based on scoring which was carried out by counting the number of occurrences where the model was able to predict onset dates falling within a 0-7 day difference of the observed onset date. A good prediction of onset dates was determined to fall within a 0-4 day difference of observed onset dates. The GDD threshold combined with a certain T base which resulted in the highest score was determined to provide the best estimate of GDD and T base . The second evaluation method was based on regression analysis between observed and modelled onsets, again for both methods of defining the GDD threshold (GDD s.period and GDD crossval ) and for the optimal T base value. This is a sensitivity analysis that will test the difference between using the best GDD value for a specific year compared to the whole study period. The GDD crossval value can technically only be calculated retrospectively, for instance a reanalysis of pollen data and the overall GDD value can be used when observations are not available, such as periods with data gaps or in forecasting.
Results and discussion
Definitions and evaluations of pollen season onset methods
For many sites pollen season onsets differed on an average basis very little between different definition methods, as shown by the low standard deviations in Table 3a . The smallest variations (sd b 2) between onset definitions were observed in Lyon, Leiden, Worcester, Malmo, Viborg and Goteborg, often varying from 0 to 4 days between earliest and latest onset definition. Badajoz and Leicester had larger variations (sd N 2) with 11 and 8 days difference respectively between earliest and latest onset definition.
For individual years, the difference between the earliest and latest defined onsets usually varied between 0 and 7 days. However, for some years some definition methods differed more, the 2.5% API definition showed several examples of large differences for many sites (Paris, Leicester, Copenhagen, Viborg and Goteborg) as can be seen in Table 3b . Worcester, and 11 days in Goteborg. In Lyon, Leiden and Malmo there were usually smaller differences between definition methods for individual years. The many occurrences of large deviations using the 2.5% API definition method demonstrates its weakness, which is partly due to its dependency on the pre-calculation of the API only obtainable at the end of the season, as discussed by previous authors (Khwarahm et al., 2014; Rasmussen, 2002) . Additionally, it has a systematic bias, meaning that a low API may automatically result in an earlier start (potentially including non-local LDT pollen) due to the lower value required to obtain 2.5%. While an extremely high API may automatically result in a later start (potentially surpassing the first local pollen peak) due to the high value required to obtain 2.5%. The 3d-5pl method carried a risk of defining the start too late due to highly variable levels throughout the first part of the season; this was observed in Worcester and Leicester 2012, where levels did not reach above 5 grains m −3 for 3 consecutive days until an estimated 10-12 days into the local season. When there is a substantial weather influence from precipitation, levels are often not permitted to rise even though the local pollen emissions have started, thus late onset can be incorrectly defined. The method also carries a risk of defining onset prematurely. Pollen levels before the start of the local oak flowering can fluctuate at relatively low levels but above 5 grains m −3 for N3 days, thus calculating an earlier season start is possible but was however not observed in this study. The cumulative∑75 onset method presented mid-peak onsets some years for some sites and was thus determined less accurate than the cumulative∑50 method, which presented onsets mostly occurring right before or at the initial increment of the first pollen peak and thus presented little or no indication of LDT pollen prior to the local season. In Copenhagen 2014, a large oak pollen peak was observed extremely early (day 97), with consecutive low or no oak pollen registered until around day 115. Such a peak was not observed in Malmo, located only~30 km east of Copenhagen, indicating either an issue with the pollen data or a potential LDT event only seen in Copenhagen. This year was therefore omitted from the analysis. Any pollen onset definition method is expected to have varying degrees of sensitivities and weaknesses resulting in either premature or late season onsets, thus it is important to compare several definitions and match calculated onsets with the actual pollen curve shape in order to find the most representative onset date. Furthermore, if most definitions pointed to a similar onset date this was more prudently considered an accurate date for the local season start. The conclusion was to use the cumulative∑50 method as a general method across all sites for defining the oak pollen onset, and was used in the rest of the study. 
Observed oak pollen onsets and characteristics of oak pollen seasons
The onset of the oak pollen seasons in Europe followed a latitude gradient where start date increased on average by circa 2.8 days per latitude north (Fig. 1) . In the US, start date increased by 3.6 days per latitude (Zhang et al., 2015) , which means onsets occurred on average 28 days earlier in Europe for similar latitudes. This is partly explained by the differing onset definitions used but also due to the relatively milder winter temperatures in Europe produced by the Gulf stream, which also extends temperate broadleaf forests further north in Europe compared to North America. The most southern site (Badajoz) had the earliest onset with the median onset date of day 77 (midMarch) and the two northern-most sites (Viborg and Goteborg) had the latest start on day 133 and 130 (second week in May) as can be seen in Table 4a . Badajoz onset dates (day 77) are comparable to Roseville, California (Zhang et al., 2015) and Cordoba, Spain (Garcia-Mozo et al., 2000) , where onset date for oak pollen was found to be day 81 and 72 respectively, and for other sites in Spain the mean start date was day 88 (García-Mozo et al., 2006) , differing somewhat from Badajoz. The sites in France usually showed start dates around day 103-105 (second week in April), where Lyon is comparable to Vancouver, USA (Zhang et al., 2015) both located on a similar latitude north. Leiden, Worcester and Leicester showed onsets towards the end of April on around day 116-119 (Table 4a ). In a study from Derby, UK, for an earlier time period, the onset of oak pollen showed a linear negative trend for the years 1970-1997 (Corden and Millington, 1999) . Onsets in Derby varied from day~140 in 1970 to day~120 in 1997, meaning a varying difference of two days to three weeks in onsets compared to the median onset (day 118) found in our study for Leicester, located only~30 km south-east of Derby. If the trend in Derby has continued over time, onset there is probably at a similar date as that observed today in both Leicester and Worcester. The negative trend itself is most likely due to warmer temperatures as was suggested by Corden and Millington (1999) different stations, species differences could also be a plausible explanation of potential differences in the timing of onsets between the sites. As can be seen from Table 1 , different oak species grow in both Leicester and Worcester. In Leicester the non-native oak, Q. rubra, could be the first flowering oak, different to what has been observed in Worcester. Ornamental oak trees are very common in the UK and we cannot be sure which oak species (ornamental or native) grows near the site in Derby and thus may influence its pollen season onset differently. Furthermore, there were large year to year variations in onsets for many sites (Table 4a) , notably at Paris, Malmo, Copenhagen and Viborg, which showed the largest variation in the onset dates with relatively large standard deviations (11) (12) (13) (14) . Conversely, in Lyon and Badajoz for most years, the onset day varied only a few days from the median throughout the studied period. Copenhagen showed the largest difference between earliest and latest onset with a 35 day (~1 month) difference between years 2007 and 2010 (onsets on day 106 and 141) within the studied period. The length of the oak pollen season varied highly between sites (Table 4b) . Generally longer seasons (N50 days) were observed at southern and non-coastal sites (Badajoz, Lyon, Worcester, Leicester) and shorter seasons at northern and coastal sites (Leiden, Malmo, Copenhagen, Viborg and Goteborg) . Long seasons may indicate that several species with different flowering times are contributing to the overall pollen season. In Spain several oak species dominate the vegetation (García-Mozo et al., 2006) and in Extremadura there are five main oak species; Q. ilex, Q. suber, Q. pyrenaica, Q. coccifera and Q. faginea Tbase0  Tbase1  Tbase2  Tbase3  Tbase4  Tbase5   Tbase6  Tbase7  Tbase8  Tbase9 Tbase10 Fig. 4 . The number of occurrences (data points) of 0 to N7 days difference between modelled and observed season onsets using different base temperatures (T base 0 -T base10°C ) and Growing Degree Day (GDD) thresholds (a) GDD s.period and (b) GDD crossval . All data points of the studied sites are included and the total number of occurrences is thus 89 for each T base series.
( Table 1, Fernández-Rodríguez et al., 2016) . In parts of Scandinavia only two species dominate, Q. petraea and Q. robur (Drößler et al., 2012; Siegismund and Jensen, 2001) , both with a relatively synchronized temporal flowering phase thus resulting in shorter seasons (Bacilieri and Kremer, 1994) . The longest seasons were observed in the southern site Badajoz with a median length of 81 days. The shortest season was observed in Viborg with a median length of 17 days. Oak pollen levels in terms of API (Table 4c ) and peak concentrations (Table 4d) showed very high values in Badajoz as expected. The region has a high abundance of oak trees with favourable dry and warm climate conditions, both contributing to high atmospheric pollen load. High API was also observed in Worcester and Lyon, and high peak levels were observed in Worcester together with two northern sites (Viborg and Goteborg). Lower APIs were observed in the north, both due to lower density of oak trees in forested areas in these regions (Skjøth et al., 2008) and unfavourable weather conditions, with frequent rainfall, typical for Atlantic regions in western and northern Europe.
GDD thresholds for observed oak pollen onsets
From Fig. 2 it can be observed that thresholds of GDD s.period values corresponding to observed onsets for different base temperatures (T base0 -T base10 ) varied between sites. As expected Badajoz showed the largest thresholds for all base temperatures (e.g. 521°C with T base0 and 92°C with T base10 ), a study in Spain found similar GDD thresholds with Badajoz, however, the GDD accumulation was initiated one month earlier than in our study (García-Mozo et al., 2002) . Copenhagen showed the lowest GDD s.period thresholds (e.g. 389°C with T base0 and 2°C with T base10 ). Fig. 2 lists the sites in a south to north order and a south-north decreasing gradient of thresholds was noticeable from base temperature 5 (T base5 ) and onwards with some sites deviating from the pattern such as Copenhagen and Viborg, which respectively showed lower and higher values than expected. For lower base temperatures, GDD did not show a clear gradient and GDD thresholds fluctuated noticeably between sites. For some base temperatures and sites, the difference in GDD was quite small, northern sites Malmo and Viborg were at times similar to southern sites Lyon and Paris, sometimes even larger (T base0 and T base1 ). Sites with large distances from each other had similar GDDs for low base temperatures (T base0 and T base1 ), which can be noted for e.g. Lyon and Paris, Leiden and Worcester and Leiden and Leicester, but in between these groups of sites the GDD differences were large. While for T base3 and T base4 the GDD difference between the mentioned sites were very low, illustrating a complex, variable pattern when considering base temperatures.
Some sites located on similar latitudes showed very similar GDD values (Leiden, Worcester and Leicester) , while some northern sites on similar latitudes showed quite large differences (e.g. Copenhagen and Malmo). The temperature pattern for Malmo and Copenhagen were as expected very similar (Table S1 ). It rained more in Malmo during January-March, while for April and May the precipitation pattern was very similar (Fig. S1) . Thus, dryer conditions during the first 3 months of the year could have had an influence on the lower GDD in Copenhagen compared to Malmo. Furthermore, it is currently unknown whether any ornamental oak trees grow near the pollen traps in either Copenhagen or Malmo, thus differing oak species with separate flowering periods may also be a plausible explanation why such different GDD thresholds were observed at these closely located sites.
Differences in GDD between sites are partly explained by climate adaptations of the trees, different base temperature requirements has been shown to occur within the same species growing in different climates (Dahl et al., 2013) . Thus, sites with distinctly different climate regimes, such as the sites located far apart in our study, are subject to influence from climatic adaptations on the GDD threshold. Furthermore, as mentioned, GDD differences can also be due to ornamental oak trees in urban parks and gardens exhibiting different temperature requirements compared to the native oak species associated with each site. Current analytical methods in pollen monitoring programs rely on optical recognition, which makes it very difficult to separate tree pollen at the species level (e.g. Wrońska-Pilarek et al., 2016) . Pollen types are therefore given at the genus level only. When comparing oak pollen from different sites over a large geographical area with several climate zones such as Europe we inevitably compare pollen from different species. Even on a smaller region such as Spain, species differences can give rise to variances in GDD values, as has been shown and discussed by García-Mozo et al. (2002) and for the US by Zhang et al. (2015) . When comparing Badajoz and Worcester for example, the comparison reflects two different species; Q. ilex (García-Mozo et al., 2008) and Q. palustris. These two species are the first flowering oak trees in each respective region of the pollen monitoring stations and likely have separate temperature requirements for the initiation of flowering. In Worcester, Q. ilex is one of the latest flowering species, normally occurring in the end of May/beginning of June, 1-1.5 months after the local oak season onset. Until pollen monitoring can be done at the species level, GDD thresholds will be subject to species bias. It is therefore important to point out that GDD comparisons between regions can currently only reflect oak on the genus level. In addition, tree species with normally separate flowering periods can, in some years be relatively synchronized and show similar GDDs. Near the pollen trap in Worcester a local stand of ornamental trees belonging to Q. palustris, normally flowers 2 weeks before the native oak Q. robur. In 2018 phenological observations of the local oak trees (not shown) revealed a relatively synchronized flowering period between these species and are thought to be coupled to the cold spring delaying the flowering of several species. This synchronicity further complicates the determination of species-specific GDD thresholds and is another reason for finding identification methods for pollen on the species level.
Modelled versus observed onsets -two evaluation methods
Two methods (regression and scoring) were used to evaluate the accuracy and precision of the two GDD onset models (GDD s.period and GDD crossval ). The regression method produced the strongest relationship (R 2 = 0.94) between modelled and observed onset dates using T base4 for GDD s.period (Fig. 3a) . For the same base temperature, a difference of 4 days or less between modelled and observed onsets was very common, the scoring method covered 75% (67/89 data points) of all analysed stations and years (Fig. 4a) . For the higher model precision of 2 days difference or less, base temperature 4 covered 62% (55/89 data points) of all studied years. Base temperatures 3 and 5 were also associated with very strong relationships (R 2 = 0.93, Table 5a ). In fact, base temperatures below 7°C produced almost equivalent relationship strengths, suggesting very little indication of a superior base temperature to use for modelling onset dates. Similar conclusions can be drawn for the sensitivity analysis (GDD crossval ) which produced strong relationships between modelled and observed onsets for base temperatures below 7°C (Fig. 3b) . The strongest relationship (R 2 = 0.93) was found for T base3 and from Fig. 4b it can be determined that 76% (68/89 data points) of the occurrences showed a 4 day difference or less between observed and modelled onset for this base temperature. The number of occurrences with 2 days difference or more reduced significantly for both GDD s.period and GDD crossval . For a week or longer difference (n days N 7) the higher base temperatures (≥7°C) were on average twice as common in occurrence for both GDD crossval and GDD s.
period ( Fig. 4a and b) . The strong relationships found for both GDD approaches show they are both robust. As mentioned in Section 3.3 some sites located on different latitudes showed similar GDD thresholds for observed onsets, this however did not result in similar modelled onsets (Fig. 3a) . A certain accumulated temperature will be reached at different times and depends greatly on latitude. Southerly sites will reach a given GDD sooner in comparison with northern sites, thus resulting in an earlier onset. A GDD threshold similar for two different locations is thus expected to result in different onset dates, as has been shown with observed onsets for e.g. Paris and Leiden (T base3 , -T base5 ). The modelled onsets of the two sites often differed by more than a week, as was also the case for the observed onsets seen in Table 4a . Zhang et al. (2015) , found a somewhat lower correlation for modelled oak pollen onsets in the US using a base temperature of 5°C, with the same initial start date for heat accumulation (1st March) but a different method for both the GDD calculation and modelling. In a study from Spain, base temperatures varied between 4 and 11°C for different sites thus differing from our results, partly due to the site-specific approach used but also due to a different calculation method for GDD together with a different initial date for heat accumulation (García-Mozo et al., 2002) . In other site-specific studies on other tree genera, variable base temperatures have also been seen, such as in Denmark (Rasmussen, 2002) . It should also be mentioned that a base temperature at a certain site is likely to be an adaptation to the prevailing climate and thus it is to be expected that site-specific studies give different results. In a general model approach such adaptations cannot however be explicitly expressed. This study identified a base temperature which has been uniformly evaluated with consideration to all sites, which allows for a general modelling approach and applicability to areas where no pollen observations exist.
Concluding summary
This study has shown that oak pollen seasons are a relatively unexplored field within aerobiology despite the fact that oak pollen is considered to be among the eight most important trees causing respiratory allergic reactions on a global scale and among the 12 most important aeroallergens in Europe (Ferreira et al., 2014) . This study is the first to show the oak pollen seasonal characteristics and its variation over a large area in Europe and thus provides cross-boundary information of the timing and magnitude of the oak pollen load relevant to, for example, health professionals and citizens. Oak pollen onsets, GDD thresholds for onsets, season length, pollen peaks and API have been established and a generalized phenological model implemented for predicting the oak pollen start on a genus level across Europe. This generalized approach is applicable despite the known fact that different oak species grow throughout Europe and can be extended to a larger area where oak pollen measurements are non-existent.
Some of the most important conclusions from this study:
• Long oak seasons were observed in Badajoz (ES), Lyon (FR), Worcester (UK) and Leicester (UK), these regions have several oak species likely flowering at different times.
• High Annual Pollen Integrals were common in Badajoz (ES) and Worcester (UK), these two sites together with northern sites Viborg (DK) and Goteborg (SE), also showed relatively high peak concentrations.
• The most accurate onset definition was determined to be the cumulative∑50.
• GDD thresholds at observed onset varied considerably between sites, the highest GDD was observed in Badajoz (SP) and the lowest in Copenhagen (DK).
• The general approach model produced the best result using the GDD threshold for base temperature of 4°C where 75% of the modelled onsets fell within four days difference from observed onsets.
• Base temperatures below 7°C all produced very strong results for modelled onset dates, covering between 71 and 75% of all modelled onsets falling within four days difference from observed onsets.
• The sensitivity analysis (GDD crossval ) also produced very strong relationships between observed and modelled onsets with base temperatures below 7°C where 70-76% of all observations fell within 4 days difference from observed onset, indicating robustness of the methods used.
• The study has revealed that there are several and variable oak species in different parts of Europe, which adds complexity when comparing the phenology of oaks on genus level in different regions.
